Objective: Our study objective was to compare the anteroposterior (AP) oropharyngeal airway diameter measured using static MRI images in children with and without developmental disabilities during sedation. Methods: We performed a secondary analysis on a prospective, observational age-matched, 1:2 case-control study of children aged 3 -10 years who were sedated for brain MRI. AP airway diameters were determined at the level of soft palate (airway_SP) and tongue (airway_T) from midline sagittal images by a single blinded radiologist. Results: Airway diameter was evaluated in 134 controls (C) and 68 cases (D). There was no difference in the overall adverse events (D: 30% C: 32.9%; p = 0.7) as well as hypoxia (D: 10%; C: 9.3%, p = 0.9). There was no significant difference in mean airway_T (D: 10.62 ± 3.48 vs. C: 10.38 ± 3.47; p = 0.64) and airway_SP diameter (D: 4.59 ± 2.36 vs. C: 5.17 ± 3.9; p = 0.14) between the two groups. There was no significant difference in airway_T and airway_SP diameters amongst those who experienced and those who did not experience hypoxia in cases. Amongst controls however, the airway_SP was smaller in those who experienced hypoxia compared to those who did not experience hypoxia. Conclusions: There was no difference in the AP airway_T and airway_SP diameter during sedation using static MRI images in children with and without developmental disabilities. Changes in airway_SP was associated with hypoxia amongst controls in our study cohort.
Introduction
Respiratory depression and airway obstruction are the most common complications related to procedural sedation in children [1] . We had previously shown that there was no difference in sedation medication requirements and overall adverse events including hypoxia related to sedation between children with and without developmental disabilities [2] . Elwood et al. [3] had shown that the anteroposterior airway diameter measured at the level of soft palate using static Magnetic Resonance Imaging (MRI) images was 40% less in children with developmental disabilities when compared to normal children during sedation. They had concluded that this could make children with developmental disabilities more prone for upper airway obstruction during sedation.
The primary objective of this study was to compare the anteroposterior oropharyngeal airway diameter during sedation for brain MRI in children with and without developmental disabilities using static MRI images. The secondary objectives was to evaluate if there was any association between anteroposterior airway diameter and hypoxia in the study cohort. We hypothesized that there would no difference in the anteroposterior airway diameters during sedation for brain MRI in children with and without developmental disabilities. We further hypothesized that a narrower anteroposterior airway diameter would be associated with hypoxia in the study cohort.
Methods

Study Design
The current study was a planned secondary analysis of children who were enrolled in a prospective age matched 1:2 case control study of sedation medication requirements and adverse events related to sedation in children with (cases) and without developmental disabilities (controls). The study protocol was approved by the Institutional Review Board.
Setting
The study was conducted at the radiology department of a free standing tertiary care children's hospital. There are two MRI scanners (1.5 Tesla and 3.0 Tesla) in the imaging department and approximately 2500 children are sedated by an institutional sedation team every year for their MRI.
Study Participants
Children aged 3 -10 years of age who required intravenous sedation for an elective, outpatient brain MRI were included for participation in the study. In addition to those patients excluded from the primary study [2] , we also excluded from this study those children whose imaging study could not be completed due to inadequate sedation or due to sedation related adverse events as well as those whose airway could not evaluated by the study radiologist due to lack of digitalized images or presence of braces.
Study Procedures
We have previously discussed the details of the study methods of the parent study [2] . The parent study was a prospective, observational, age-matched, 1:2 case (children with developmental disability) control (children without developmental disability) study of children (3 -10 years), sedated for brain MRI using a standardized institutional sedation protocol at a tertiary care children's hospital. Developmental assessment was performed using The Vineland Adaptive Behavioral Score (VABS) and by a pediatric neurologist. Patient demographics, type and dose of sedation medications, depth of sedation and adverse events were collected. We had defined hypoxia as oxygen saturation ≤ 90% for ≥30% seconds and requiring airway maneuvers.
For this study, all MRI images were reviewed by a single board certified pediatric radiologist who was blinded to the patient's group assignment. A midline sagittal image was identified by the presence of the pituitary stalk, fourth ventricle, aqueduct and anterior recess of the third ventricle. The narrowest anteroposterior airway diameter was measured perpendicular to the long axis of the airway posterior to the tongue (Airway_T) and at the level of the soft palate (Airway_SP) as described by Elwood et al. [3] (Figure 1 ). All of these airway diameter measurements were performed by the study radiologist. We did not measure the transverse airway diameter or cross sectional area of the airway.
Statistical Analysis
All data variables were systematically coded and entered into an excel database by a single trained research assistant. Descriptive statistics was used to describe the study groups. Means and standard deviations for normally distributed continuous variables, medians and range for skewed continuous variables, frequencies and percentages for categorical variables are presented. Two-sample t-test (or Mann-Whitney method, based on the assumption satisfaction) was used to compare the continuous variables between the two groups and Chi-square test was used to compare the categorical variables. As a routine, type I error was set at p < 0.05. The statistical analysis was performed using SAS version 9.23 (SAS Institute, Cary, NI).
Results
Seventy children were designated as cases (D: those with developmental disability) and 140 children (C: normal children) were designated as controls for the parent study. For this study, airway diameter could be assessed only in 68 cases and 134 controls due failure of completion of study (5C), lack of digitalized images (2D) and presence of braces which prevented assessment of the airway diameter (1C).
There was no significant difference in patient demographics, mean patient weight, Body Mass Index (BMI), type of sedative used or mean sedation medication dosage between the two groups ( Table 1) .
There was no difference in the overall adverse events (D: 30%; C: 32.9%; p = 0.7) as well as hypoxia (D: 10%; C: 9.3%, p = 0.9). There was no significant difference in the mean airway_T diameter (D: 10.62 ± 3.48 vs. C: 10.38 ± 3.47; p = 0.64) and mean airway_SP (D: 4.59 ± 2.36 vs. C: 5.17 ± 3.9; p = 0.14) between the two groups.
Results from stratified comparative analysis showed that in cases, there was no significant difference in airway_T and airway_SP diameters amongst those who experienced and those who did not experience hypoxia. However, in the control group, airway_T was larger and airway_SP was smaller in those children who experienced hypoxia compared to those who did not experience hypoxia ( Table 2 ). 
Discussion
Our study results showed that there was no difference in the anteroposterior airway diameters measured using static MRI images during sedation for brain MRI between children with and without developmental disabilities. These results are somewhat different from what was shown by Elwood et al. [3] who had demonstrated no difference in airway_T diameters but had shown a 40% difference in airway_SP between children with and without developmental disabilities. Although the reasons for this are not clear, it could be because of the fact that we excluded children with ASA classification ≥ 3 which resulted in selection of children with mild developmental delay in our study. In addition, Elwood et al. also excluded those children who received midazolam for sedation for its presumed effect of decreasing airway muscle tone. In our study, around 45% of cases and controls received midazolam which should have affected the airway diameter in both the groups. Furthermore, we did not match the cases and controls for the sedative type or dose. Given that different sedatives could have varying effects on airway muscle tone and diameter, this could explain the lack of difference in the airway diameters amongst our two study groups. A recent study of the morphologic changes in upper airway diameter during propofol sedation demonstrated significant differences in the airway diameter between sedated and awake states [4] . During sedation, the upper airway was oblong shaped, with the anteroposterior diameter being larger than the transverse diameter. During awakening on the other hand, the shape of the upper airway changed such that the transverse diameter was larger. There was no change in the cross sectional area of the upper airway between sedated and awake states. It is possible that we would have shown a difference in airway diameters between our study groups had we measured the transverse airway diameters.
During sedation, it has been shown that neuromuscular control of the upper airway muscles through glossopharyngeal and vagus nerves is inhibited to a greater degree than diaphragmatic activity (phrenic nerve). This differential inhibition of the hypoglossal and phrenic nerve has been demonstrated with halothane, thiopental and diazepam [5] . The negative inspiratory pressures that develop with diaphragmatic contraction cause a reduction in the pharyngeal diameter leading to a narrowing of the anteroposterior distance between the posterior pharynx and the soft palate, epiglottis and, to a lesser degree, the base of the tongue. While it was previously thought that the base of the tongue was the primary cause of upper airway obstruction during sedation, several studies of the airway in sedated children and adults have demonstrated that the soft palate and epiglottis are the most likely structures causing airway obstruction [6] - [9] . This was shown in our study by a narrower airway_SP being associated with hypoxia although why this effect was only seen in normal children and not those with developmental disabilities is not known. In our previous study [2] comparing sedation related adverse events in children with and without developmental disabilities, upper airway obstruction was more commonly seen in normal children (17.9% in normal children vs. 12.9% in those with developmental disabilities) whereas apnea was more common in children with developmental disabilities (4.3% in cases versus 0% in controls) leading us to postulate that the mechanism of sedation related hypoxia was different in these two groups of children.
Limitations
We evaluated airway diameters using static MRI images and did not perform a dynamic assessment. We studied only the anteroposterior airway diameter and did not study the transverse diameter or the cross sectional area of the airway. The study results could have been different had we measured transverse airway diameter as well as used dynamic measurements of airway diameter. The airway diameter measurements could have been influenced by the head position and extension during MRI, the phase of respiration as well as airway maneuvers performed to overcome airway adverse events. Motion artifacts during the imaging study could have influenced the airway diameter measurements. However, all of the study subjects were sedated to a Ramsey Sedation Score of >4 minimizing motion during imaging. We did not match the cases and controls for the sedative type or dose. We did not study children with a specific etiology of developmental disability or correlate airway diameters with the degree of developmental disability. The airway diameter measurements were performed by a single blinded radiologist which could have introduced inter observer variability bias. Also, even though the radiologist was blinded to the patient's group assignment, it is possible that they were aware of the patient's developmental status based on the interpretation of the MRI images. The airway diameter measurements could have been influenced by the specific sedatives used at our institution and hence the results may not be applicable to other centers which use a different sedation protocol.
